ABSTRACT Normal rat kidney cells infected with the temperature-sensitive transformation mutant ofMoloney murine sarcoma virus were used to study the biochemical and morphological changes that occur during transformation. The infected cells exhibited a normal morphology at the nonpermissive temperature (39C) and a transformed morphology at the permissive temperature (33°C Within 5 hr at the permissive temperature, the lacy network was still present but the microtubules were more diffusely stained and less discernible. By 48 hr, the microtubules were so diffuse that the lacy network could not be recognized. Alterations in the Factin cables did not occur until 24 hr after shifting the cells to the permissive temperature. Enucleation of the cells at the nonpermissive temperature and shifting the cytoplasts to the permissive temperature did not result in the synthesis of detectable p85 or in any alteration of the cytoplast morphology or microtubule complex, suggesting that the temperature-sensitive lesion affects some event occurring in the nucleus.
they became smaller and rounded with numerous elongated microvilli. In an earlier study, changes in hexose uptake were found to occur 8-12 hr after the shift [Horn, J. P., Wood, T. G., Blair [516] [517] [518] [519] [520] [521] [522] [523] [524] [525] . By 48 hr, the cells had the morphology of a fully transformed cell. Concomitant with the changes in the morphology were alterations in the cytoplasmic microtubule complex. At the nonpermissive temperature, the complex consisted ofa lacy network ofmicrotubules. Within 5 hr at the permissive temperature, the lacy network was still present but the microtubules were more diffusely stained and less discernible. By 48 hr, the microtubules were so diffuse that the lacy network could not be recognized. Alterations in the Factin cables did not occur until 24 hr after shifting the cells to the permissive temperature. Enucleation of the cells at the nonpermissive temperature and shifting the cytoplasts to the permissive temperature did not result in the synthesis of detectable p85 or in any alteration of the cytoplast morphology or microtubule complex, suggesting that the temperature-sensitive lesion affects some event occurring in the nucleus. Cells transformed by viral or chemical carcinogens exhibit characteristics that distinguish them from their nontransformed counterparts. These characteristics include altered cell shape (1) , loss of anchorage to substrate (2, 3) , loss of density-dependent control ofgrowth (4), loss ofcontact-inhibited mobility (5) , and altered cell surface properties (6, 7) . In addition, it has been shown that in vitro the transformed cells may display changes in their cytoskeletal system, including an altered cytoplasmic microtubule complex (CMTC) (8, 9) and the diminution ofactin cables (10) . The mechanism by which a transformation-specific gene product causes a wide spectrum of morphological and growth-related processes is unknown. One interesting possibility is that the transforming agent may produce a product that interacts with elements of the cytoskeleton, which then could lead to the expression of the transformed phenotype. The expression of the transformation state has been extensively studied in the avian sarcoma virus system (11 390C . One such cell clone (6m2) was characterized; it does not produce virus at either temperature but contains viral-specified polyproteins (p) of Mr 58,000 (p58) and 85,000 (p85) (13, 14) . p85 is detected only at the transformed state and containsthe antigenic determinants of the viral core proteins, p15, p12, and p30, in addition to other unidentified peptide sequences. These latter sequences do not appear to be antigenically related to gene products from the replication genes (gag, pol, or env). Therefore, it is possible that these unidentified sequences may be derived from the MuSV src gene. The p58 viral protein is detected at both 330C and 390C. It appears to be derived from the gag gene but lacks sequences of the viral core protein plO. Therefore, p58 is present at both the normal and the trans4ormed state, whereas p85 is present only-at the transfioredstate at 330C (13, 14) . In this report, we present evidence on the sequence of events correlating the appearance of p85 with the morphological and cytoskeletal alterations characteristic of the transformed state and an analysis of nuclear control of viral gene expression in the 6m2 clone.
MATERIALS AND METHODS Cell Culture and Virus. The 6m2 clone was used (12, 13) . For the temperature-shift experiments, the cells were shifted to 390C for 48 hr and then either maintained at 390C or shifted to 330C.
Analysis of Viral Proteins. In some experiments, the 6m2 cells were incubated for 20 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
1 Ci = 3.7 x 1010 becquerels) in McCoy's 5a medium/Earle's balanced salt solution containing 10% dialyzed fetal calf serum (1:1) at either 330C or 400C. Pulse labeling of cells, cell lysis, and immunoprecipitation were as described (13, 15, 16) . Immunoprecipitates were analyzed by NaDodSO4polyacryla-mide gel electrophoresis on a 6-12% linear gel; radioactive bands were detected by fluorography (13) .
Immunofluorescence of Microtubules. Cells were grown on 11 x 22 mm coverslips for analysis ofthe CMTC. The cells were fixed in 3% formaldehyde and processed for tubulin immunofluorescence according to the procedure of Brinkley et aL (8) .
Fluorescein Isothiocyanate-Conjugated Phalloidin Staining of F Actin. Cells were grown to a 60-70% confluency on 11 X The coverslips were washed with several changes of PINaCl for 1 hr and then mounted on glass slides using glycerol/PJ NaCl, pH 8.9-9 (9:1) as mounting medium.
Cytochalasin B Enucleation. Cells were grown on 25-mm circular coverslips. For enucleation, the coverslips, cell surface down, were supported in 50-ml polyethylene centrifuge tubes by a hollow polyethylene cylinder. The cells were centrifuged in a Sorvall HB4 swinging bucket rotor at 9000 X g for 60 min at 370C in the presence of cytochalasin B (Aldrich) at 10 pug/ ml in medium/10% fetal calf serum. The cytoplasts were fixed in 3% formaldehyde and processed for tubulin immunofluorescence as described for whole cells.
To examine the expression ofviral proteins in cytoplasts, the cells were enucleated with cytochalasin B as described (17) . Cells were grown on sterile plastic sheets at 33°C and then shifted to 39°C for 48 hr prior to enucleation. These sheets were cut from Coming tissue culture flasks and resemble microscope slides with one end rounded so as to fit the bottom of a Sorvall 50-ml centrifuge tube. Logarithmically growing cells were plated onto two plastic sheets contained in a 100-mm tissue culture dish. The cells were then incubated at 370C for 15 (13) . Cytoplasmic extracts were prepared, divided into aliquots, and challenged. Lanes: 2, anti-MuSV-124; 3, anti-gp69/71; 4, anti-p30; 5, anti-p15; 6, anti-ppl2; 7, anti-plO; 8, anti-reverse transcriptase; 9, normal goat serum. Lane 1 contains molecular weight markers (200,000-15,000) representing a 15-minpulse-chase labeling of Rauscher murine leukemia virus (Ra-MuLV)-infected NIH Swiss mouse embryo cells immunoprecipitated with anti-Ra-MuLV serum (13) . Indirect precipitation was carried out by using inactivated Staphylococcus aureus (Cowan strain) by the method of Kessler (16) . The precipitated complex was washed and suspended in a sample buffer containing NaDodSO4 and 2-mercaptoethanol, and immunoprecipitates were analyzed by gel electrophoresis. Equal amounts of radioactivity were applied to each lane. noprecipitated by anti-gp69/71, anti-plO, anti-reverse transcriptase, or normal goat serum. p58 was detected at both 330C and 390C and was recognized by the same sera that recognized p85. Thus, this experiment shows that both p85 and p58 have antigenic determinants to viral core proteins p30, p15, and p12 and that p58 is synthesized at both temperatures while p85 is synthesized only at the permissive temperature. These results support and confirm our previous studies (13, 14) .
Because p85 was detected only at the permissive temperature, we wanted to relate the detection of p85 to the expression of the transformed phenotype. This was accomplished by shifting the cells maintained at the nonpermissive temperature to the permissive temperature and analyzing the viral-specific proteins synthesized at various times after the shift. Cells were pulse labeled for 15 min with [3H]leucine at hourly intervals after the temperature shift (Fig. 2) . Cytoplasmic extracts were then challenged with anti-ppl2, and equal amounts of radioactivity were applied to each gel lane. p85 was first detectable in infected cells 2 hr after the shift to the permissive temperature. This suggests that p85 expression requires a 2-hr lag pe-riod after the shift to the permissive temperature before synthesis can begin.
Cell Morphology. Scanning electron microscopy ofthe ts110 MuSV-infected cells maintained at the nonpermissive temperature showed a structure typical of nontransformed cells. The cells were flat in appearance with few microvilli (Fig. 3a) . On shifting the cells to the permissive temperature, noticeable changes in morphology occurred within 5 hr (Fig. 3b) . Initially, cells were smaller and slightly more rounded with discernible microvilli. After 24 hr at the permissive temperature, the cells became much smaller with numerous long microvilli (Fig. 3c) . Finally, after 48 hr at the permissive temperature, the cells had achieved the small rounded phenotype characteristic of fully transformed cells (Fig. 3d) . The cells remained stabilized in this phenotype thereafter.
CMTC. To further characterize the events occurring in the transformation process, the cytoskeletal system was studied at both the nonpermissive and permissive temperatures. At the nonpermissive temperature, the CMTC consisted of an extensive lacy network oflong microtubules (Fig. 4a) . Most cells displayed one prominent centrosome with microtubules radiating out toward the plasma membrane. On shifting the cells to the permissive or transforming temperature, the microtubules became shorter, less dispersed, and more diffusely stained (Fig.  4 b-d ). This alteration was monitored 5, 24, and 48 hr after shifting to the transformed temperature. The CMTC, 5 hr after shift-.ing.to the permissive temperature, was still discernible in that the lacy network of microtubules was present (Fig. 4b) . However, the microtubules were more diffusely stained and less discernible in comparison with the cells grown at the nonpermissive or normal temperature. At 24 hr. the microtubule network was still apparent but it was even more diffuse (Fig. 4c) . Finally, after 48 hr, the microtubules were so diffuse that the lacy network could not be recognized in most cells (Fig. 4d) (Fig. 5a) . No alterations were noticeable in the F-actin cables 5 hr after a shift to the permissive temperature (Fig. 5b) . However, 24 hr after shifting, the F-actin cables were reduced in number and shorter and less well defined than at the nonpermissive temperature (Fig. 5c) . Finally, after 48 hr at the permissive temperature, most cells had few discernible F-actin cables, which is characteristic of transformed cells (19) .
Nuclear-Cytoplasmic Control of Gene Expression for
Transformation. To ascertain whether or not the ts lesion affected some step in the nucleus or in the cytoplasm, the 6m2 cells were enucleated with cytochalasin B. Cytoplasts from the 6m2 cells cultured at the nonpermissive temperature showed a CMTC characteristic ofnucleated cells maintained at the same temperature (Fig. 6a) . Shifting the cytoplasts to the permissive temperature for 20 or 44 hr resulted in no apparent alteration ofthe CMTC (Fig. 6 b and c) . To determine whether cells maintained at 390C and then enucleated and shifted to 33TC synthesize p85, such cytoplasts were shifted to 33TC for 4 hr and then pulse labeled for 15 min with [3Hlleucine. The detergenttreated extract was immunoprecipitated with anti-p12. Analysis by NaDodSO4polyacrylamide gel electrophoresis showed p58 but not p85 (Fig. 7) , whereas nonenucleated cells shifted to 33°C did synthesize p85. This result implies that functional mRNA for p85 is not made and not exported to the cytoplasm at 390C in the mutant virus-infected cells. As a control, a partially enucleated cell population (<30% enucleation) was treated as described above; both p58 and p85 were detected (results not shown). This experiment suggests that the ts lesion concerns some nuclear event and that this nuclear event must take place in order to (i) synthesize p85 and (ii) convert the cell to a transformed phenotype. It is tempting to conclude that the synthesis ofp85 is necessary for the cellular alterations observed in the transformed culture, although other interpretations are possible. 
DISCUSSION
The sequence ofevents occurring in the transformation ofmammalian cells has been difficult to delineate. However, the recent discovery of a stable ts transformation mutant of Mo-MuSV affords the opportunity to follow both biochemical and morphological aspects ofthe transformation process in more detail (12) . We have found that NRK cells infected with the ts Mo-MuSV, ts110, produce proteins of Mr 58,000 (p58) and 85,000 (p85). Viral p58 is produced at both the permissive and nonpermissive temperatures, whereas p85 is produced only at the permissive temperature (13, 14) .
The (23) have localized the src protein (p21) in cells transformed by the Harvey strain of MuSV to the plasma membrane. Therefore, whether the Harvey src gene product effects the CMTC or plasma membrane, which subsequently alters the other, needs to be studied further. The data presented here suggest that the initial events in the transformation process are the alterations in cell morphology and CMTC followed later by diminution of F-actin cables. This supports the hypothesis that the microtubule-microfilament system in cells may be involved in the transformation process (24) (25) (26) .
A ts lesion involved in transformation could affect either a transcriptional or a translational event. Beug et at (27) reported that ts68 mutants of Rous sarcoma virus were able to express a transformed phenotype in the absence of a nucleus, thus suggesting that the ts lesion in this virus is independent of the nucleus and resides in the src gene product itself. tsllO MuSVinfected cells maintained at nonpermissive temperatures and then enucleated were unable to express p85 and any morphological or CMTC alterations after they were shifted to the permissive temperature. This result indicates that the lesion in tsllG MuSV resides in the nucleus, possibly involving some reaction concerned with the production of active p85 cytoplasmic mRNA. Inhibition of RNA synthesis with actinomycin D prior to shifting the cells to the permissive temperature blocks the subsequent synthesis of p85 and the morphological alterations associated with transformation, further suggesting a nuclear lesion in tsllO MuSV (28) .
Knowledge of the sequence of events necessary to give the pleiotrophic effects of transformation will increase our understanding of the biological complexity of this process. It would also allow us to detect the primary site of action of the src gene product. This information could be useful in the early detection of malignant transformation.
